A Caenorhabditis elegans gene (asp-1) and cDNA that encode a homologue of cathepsin D aspartic protease were cloned and characterized. The asp-1 mRNA is transcribed from a single exon, and it begins with the SL1 trans-splice leader sequence. The protein (ASP-1) is expressed as a 396-amino acid, 42.7-kDa pre-pro-peptide that is post-translationally processed into a ϳ40-kDa lysosomal protein. ASP-1 shares ϳ60% sequence identity with the aspartic protease precursor from the nematode Strongyloides stercoralis. The amino acid sequences adjacent to the two active site aspartic acid residues in ASP-1 are 100% identical to those in other eukaryotic aspartic proteases. In addition, ASP-1 contains conserved, potential disulfide bond-forming cysteine residues and N-glycosylation sites. The asp-1 gene is exclusively transcribed in the intestinal cells, with the highest levels of expression observed at late embryonic and early larval stages of development. asp-1 transcription is not observed in adult nematodes or mature larvae. Furthermore, transcription predominantly occurs in eight anterior cells of the intestine (int6-int8). Analyses of ASP-1 nucleotide and amino acid sequences revealed the presence of five additional C. elegans aspartic proteases.
Aspartic proteases are a class of proteolytic enzymes that include pepsins, renins, cathepsins D and E, and chymosins (1). The common characteristic that defines an aspartic protease is the presence of catalytic aspartic acid amino acid residues located in the active site of the enzyme. These aspartic acid amino acids are located in evolutionary conserved consensus sequences; ( 
F/I/L)-D-T-G-S and D-(T/S)-G-(S/T)
, in the N-terminal and C-terminal domains of the eukaryotic enzymes, respectively (1) . In addition, these proteases contain conserved activation domains as well as N-glycosylation and phosphorylation sites (1) . Aspartic proteases function in the intracellular and extracellular degradation of proteins, which includes digestion of food, processing of peptide hormones, antigens, and immunoglobulins and the maturation of retrovirus (1) (2) (3) (4) (5) . Aspartic proteases also function during the host infection process and food digestion in human parasites.
Parasite-induced diseases afflict millions of people each year. The importance of aspartic proteases in the survival of mammalian parasites makes them an excellent target for antiparasitic drugs. To understand the molecular, cellular, and developmental biology of this class of proteins in vivo, we have identified aspartic protease cDNAs and their cognate genes in the non-parasitic nematode Caenorhabditis elegans. A thorough understanding of aspartic protease biology in this organism may aid in the future development of anthelminthic drugs.
The developmental and cellular biology of C. elegans is thoroughly understood in exceptional detail (6 -8) . The adult C. elegans hermaphrodite contains 959 somatic cells that comprise reproductive, muscular, nervous, and digestive systems (6 -8) . High levels of evolutionary conservation between C. elegans and other organisms are observed in many signal transduction, gene regulatory, and developmental pathways (9 -12) . One of the major advantages in using C. elegans as a model system to identify genes is the magnitude of cDNA and genomic DNA sequence data currently available. An abundance of information on the genetic and physical maps of its chromosomes, and sequence data for the entire genome and Ͼ50,000 ESTs 1 is readily available through GenBank, the C. elegans Genome Project, and the C. elegans cDNA Sequencing Project 2 (13) (14) (15) . C. elegans express many mRNAs that are homologous to mRNAs that have been isolated from a variety of mammalian parasites. These include glutamate-gated chloride channels from Haemonchus contortus and Onchocerca volvulus, superoxide dismutase from H. contortus, a calponin-like protein from O. volvulus, casein kinase II from Theileria parva, and transforming growth factor-␤ from Brugia malayi and B. pahangi (16 -21) . In addition, cDNAs encoding cysteine and aspartic proteases that have high levels of homology to C. elegans genes have been identified from Schistosoma mansoni, H. contortus, O. volvulus, the human enteric pathogen Strongyloides sterco-ralis, and canine hookworm Ancylostoma caninum (22) (23) (24) (25) (26) .
Here we report the discovery and characterization of a C. elegans gene, designated asp-1, which encodes an aspartic protease whose expression is developmentally regulated and limited to a subset of intestinal cells. Nucleotide sequence analysis of asp-1 leads to the subsequent identification of five other C. elegans aspartic protease genes, designated asp-2 through asp-6. A previous report indicated that all C. elegans aspartic protease activity was derived from a single gene, which encoded the C. elegans homologue of cathepsin D, cad-1 (27) . Nematodes that carry homozygous, null mutations of cad-1 have ϳ10% of the aspartic protease activity that is present in wild-type nematodes. Based on the results presented in the current report, we believe that cad-1 does not encode a structural gene for a C. elegans aspartic protease; rather, the cad-1 gene product is involved in the processing of aspartic proteases.
EXPERIMENTAL PROCEDURES

Growth and Synchronization of C. elegans
The Bristol N2 strain of C. elegans was grown at 20°C as described previously (28) . Purified populations of embryos were obtained by alkaline hypochlorite treatment of gravid C. elegans and synchronous populations of C. elegans for developmental studies prepared as described (29, 30) .
The homozygous strain of C. elegans containing the mutation whose phenotype includes reduced levels of aspartic protease activity, cad-1 (j1) II (27) , was obtained from the C. elegans Genetics Center (Madison, WI).
Isolation of cDNAs Encoding ASP-1
A library that is enriched in stress-induced cDNAs, as well as cDNAs that are expressed in embryos and early larvae, was constructed in the bacteriophage ZAPII (Stratagene) using mRNA from CdCl 2 -treated nematodes as a template (31) . Groups of recombinant phage clones that contain stress-induced cDNAs were obtained by a subtractive screening procedure (32) . One of the cDNAs encoded a partial protein that was related to the aspartic acid family of proteases from mammals and invertebrates. This protein was named ASP-1. A fragment of ASP-1 cDNA was used as a probe to screen a more complete C. elegans cDNA library in the phage gt11 (CLONTECH). Six positive recombinant phage clones were plaque-purified, and the cDNAs were subsequently subcloned in pGEM3zf(ϩ) and sequenced.
Isolation of the asp-1 Gene
A 32 P-labeled, 850-bp EcoRV/SphI ASP-1 cDNA fragment was used as a probe to screen an EMBL4 C. elegans genomic library, as described previously (33) . A 6.5-kbp EcoRI fragment of genomic DNA, which includes the asp-1 structural gene and 5Ј-and 3Ј-flanking sequences, was identified by Southern blot analysis. This fragment was subcloned into the EcoRI site of pGEM3zf(ϩ) and sequenced (34) .
Computer Analysis
Analysis of nucleotide and amino acid sequence data, including assembly of continuous cDNA sequences, sequence comparisons, and data base searches were performed using PCGENE-IntelliGenetics software (IntelliGenetics, Mountainview, CA) and BLAST programs (35, 36) . Genomic and cDNA sequence data were obtained from the C. elegans Genome Project (available through the Sanger Center) and the C. elegans EST Database (available through the DNA Data Bank of Japan), respectively. The locations within the C. elegans genome of the six-aspartic protease genes were identified using A C. elegans Database (ACeDb) (37) .
Preparation of RNA and Northern Gel Analysis
Total C. elegans RNA was prepared as described previously (38) . Poly(A ϩ ) RNA was purified with a "Fast Track" kit (Invitrogen) by following the manufacturer's instructions. Northern blot analysis was performed as described previously (33) , using a 32 P-labeled, full-length ASP-1 cDNA (ϳ1.2 kbp) as a probe.
Characterization of the 5Ј-End of ASP-1 mRNA
Complementary DNA was synthesized, and the cDNA was tailed with ϳ20 dA residues according to the procedure of Frohman, and as described previously (30, 39) . Subsequently, ϳ10% of the tailed cDNA was mixed with 10 pmol of 5Ј-primer 1 (5Ј-CGTCTAGAGATGCATGC-ATC(T) 19 -3Ј), 25 pmol of 5Ј-primer 2 (5Ј-CGTCTAGAGATGCATGCAT-C-3Ј), 25 pmol of 3Ј-primer 3 (5Ј-AGCCAAGAAGGCGGTGTACTTGC-CC-3Ј), and 5 g of yeast tRNA. The 3Ј-primer is the inverse complement of nucleotides 105-129 (relative to the translation start site) in the cDNA encoding ASP-1. ASP-1 cDNA was amplified by 30 cycles of the PCR as described previously (30) . Subsequently 2% of the product was subjected to a second round of the PCR. In this reaction 5Ј-primer 1 was omitted, the annealing temperature was raised from 50 to 55°C, the magnesium concentration was increased from 1.5 to 3 mM, and an alternative 3Ј-primer was used. The alternative 3Ј-primer (5Ј-CTTGTGCGTTGGCACCTGGATGAC-3Ј) is the inverse complement of nucleotides 49 -72 in the ASP-1 cDNA. The products of the reaction, ϳ150-bp fragments, were digested with SphI and subsequently inserted into pGEM5zf(ϩ). Two SphI sites are predicted to be in the amplified cDNA, one provided by 5Ј-primers 1 and 2, and the second in the ASP-1 cDNA at position 38.
Expression and Purification of Recombinant ASP-1 Protein
ASP-1 protein was expressed in both bacteria and cultured insect cells.
Expression of Recombinant ASP-1 Fusion Protein in Bacteria-A fragment of ASP-1 cDNA encoding the entire protein (396 amino acid residues) was synthesized by PCR. The 5Ј-primer (5Ј-ACCTGCAGCA-TATGCAGACCTTCGTTTT-3Ј) was identical to nucleotides 1-17 and included the translation start codon, preceded by PstI and NdeI restriction sites (underlined). The 3Ј-primer (5Ј-GAAAAACAAGCTTCTTA-CAATCCCTTGTGG-3Ј) consisted of the inverse complement of nucleotides 1175-1195 in ASP-1 cDNA, which contains the translation stop codon and included a HindIII restriction site (underlined). The amplified cDNA was digested with PstI and HindIII and cloned into identical sites in pRSET-C (Invitrogen). This placed the entire coding region of ASP-1 cDNA downstream from the T7 RNA polymerase promoter and the 45 codons that constitute an N-terminal polyhistidine fusion peptide. Escherichia coli strain BL21 (DE3) was transformed with this plasmid, designated pEX1.2, and protein expression was induced with 0.4 mM isopropyl-1-thio-␤-D-galactopyranoside for 3 h at 25°C. Following this incubation, bacteria were harvested by centrifugation and suspended in lysis buffer consisting of 50 mM Tris-HCl, pH 8.0, 10 mM dithiothreitol (DTT), 100 g/ml lysozyme and protease inhibitors: 10 mM benzamidine and 10 g/ml each of aprotinin and leupeptin. Following 30-min incubation at 25°C, cells were disrupted using a French press and separated into soluble and particulate fractions as described (30) . The particulate fraction contained the ASP-1 fusion protein. The protein pellet was washed with 50 mM Tris-HCl, pH 8.0, containing 1.0 mM EDTA, 10 mM DTT, and 1% (v/v) Triton X-100. Following centrifugation, the pellet was dissolved in 50 mM Tris-HCl buffer, pH 8.0, containing 8 M urea and 50 mM DTT. The solubilized protein was dialyzed against 20 mM Tris-HCl, pH 7.9, containing 0.5 M NaCl, 8 M urea, and 5 mM imidazole and then purified to near homogeneity by nickel-chelate chromatography in the presence of 8 M urea, as described previously (40) . Approximately 3 mg of highly purified ASP-1 fusion protein was obtained from a 200-ml culture of E. coli. Removal of urea by dialysis causes the purified ASP-1 fusion protein to precipitate from solution. ASP-1 fusion protein was solubilized following reduction with DTT and carboxyamidomethylation with iodoacetamide, as described previously (31) .
Expression of Recombinant ASP-1 Protein in Insect Cells-An ASP-1 cDNA fragment that contains the entire coding region was prepared with 5Ј-PstI and 3Ј-blunt termini. This fragment was generated by first digesting pEX1.2 with HindIII and making the ends blunt. The bluntended product was then digested with PstI, and a 1.2-kbp fragment corresponding to the full-length ASP-1 cDNA was purified. The fragment was inserted into the baculovirus transfer plasmid pVL1392 (41) , previously digested with PstI and SmaI, to create the recombinant transfer vector pVL1392-CEP.
Recombinant baculovirus were generated by co-transfecting SF9 Spodoptera fugiperda ovarian cells with BaculoGold-linearized baculovirus DNA (Pharmingen) and pVL1392-CEP by calcium phosphate precipitation. The vial titer, after plaque purification and three rounds of viral amplification, was Ͼ10 8 plaque-forming units/ml. Recombinant ASP-1 was prepared by first infecting a 175-ml suspension culture of SF9 cells (6 ϫ 10 5 cells/ml), maintained in Sf-900 II serum-free medium (Life Technologies, Inc.) at 28°C, with recombinant baculovirus (2.5 ϫ 10 9 plaque-forming units). After a 4-day incubation, cells were collected following centrifugation at 1500 ϫ g for 15 min. Approximately 0.5 ml of packed cells was suspended in 10 ml of lysis buffer (25 mM Tris-HCl, pH 7.4, 1% (v/v) Triton X-100, and protease inhibitors). This mixture was homogenized for 45 s using a Polytron homogenizer. The lysate was then centrifuged for 10 min at 27,000 ϫ g. The pellet was twice suspended in 10 ml of lysis buffer followed by a homogenization and centrifugation. The final pellet was dissolved in 2 ml of 25 mM Tris-HCl buffer, pH 7.4, containing 7 M urea and 0.1 M DTT, and then centrifuged for 10 min at 27,000 ϫ g.
Recombinant ASP-1 was purified by preparative polyacrylamide gel electrophoresis using the Bio-Rad Preparative SDS-PAGE system. Briefly, 2 ml of solubilized ASP-1 was mixed with 0.4 ml of SDS-PAGE sample loading buffer and then heated to 100°C for 10 min (42). Samples were then applied to a 10-cm, 10% polyacrylamide gel and subjected to electrophoresis at a constant power of 10 watts following the manufacturer's instructions. ASP-1-containing fractions were identified by Western immunoblot analysis, using anti-ASP-1 antiserum. The ASP-1-containing fractions were pooled, frozen, and lyophilized. The lyophilized protein was dissolved in 10 ml of distilled deionized water and then sequentially dialyzed against 50 mM Tris-HCl, pH 9.0, then 50 mM Tris-HCl, pH 9.0, containing 7 M urea. To remove residual SDS, the dialysate was applied to a column containing Extracti-Gel D (Pierce) and eluted with 50 mM Tris-HCl buffer, pH 9.0, containing 7 M urea. The eluted fractions were then dialyzed against 25 mM Tris-HCl buffer, pH 7.4. This yielded 6.5 mg of soluble ASP-1 protein.
Production and Purification of IgGs Directed against ASP-1
Samples that contained a mixture of carboxyamidomethylated and insoluble ASP-1 fusion protein were injected into rabbits (0.2-mg initial injection; 0.2 mg for each of three booster injections) at Covance Laboratories (Vienna, VA) for the generation of antiserum.
Purified, soluble recombinant ASP-1 was coupled to CNBr-activated Sepharose 4B (Amersham Pharmacia Biotech) to yield a final concentration of 1.5 mg of protein bound per ml of resin (43) . Antiserum was then incubated with ASP-1-Sepharose 4B for 2 h at 20°C, and the anti-ASP-1 IgGs were isolated as described previously (43) .
Electrophoresis of Proteins and Western Immunoblot Assays
Cytosolic and particulate fractions of C. elegans homogenates were prepared (30, 43, 44) . Samples of proteins were denatured in SDS-PAGE sample buffer and subjected to electrophoresis in a 10% polyacrylamide gel containing 0.1% SDS (30) . Western blots of C. elegans proteins and purified ASP-1 were incubated with antiserum (1:2000) , and the ASP-1 was visualized by indirect chemiluminescence, as previously reported (30, 43) .
Immunofluorescence Analysis of the Cellular Distribution of C. elegans Aspartic Proteases
C. elegans were fixed, washed, and incubated sequentially with affinity-purified rabbit anti-ASP-1 antibodies and fluorescein isothiocyanate-labeled goat anti-rabbit IgGs, as described by Land et al. (30) . Fluorescence signals corresponding to ASP-1⅐IgG complexes were obtained with a Bio-Rad MRC 600 laser scanning confocal microscope.
In Situ Hybridization
C. elegans were isolated and fixed, and the external collagenous cuticle was permeabilized and prehybridized as described previously (45) . To generate a digoxigenin-labeled probe, the pEX1.2 expression plasmid was digested with HindIII and PstI and a cDNA fragment that contains the full-length ASP-1 cDNA was isolated. An antisense DNA probe containing digoxigenin-11-dUMP was generated by anchored PCR (45). The labeled probe was then added to a suspension of fixed, permeabilized nematodes in 40% (v/v) formamide, 5ϫ SSC, 0.1 mg/ml sonicated salmon sperm DNA, 50 g/ml heparin, and 0.1% Tween 20. Hybridization was carried out at 48°C for 16 h. Subsequently, C. elegans were washed and then incubated for 16 h at 4°C with a 1:2500 dilution of alkaline phosphatase-linked anti-digoxigenin antibody. Following several washes, antigen-antibody complexes were visualized by incubating the nematodes with 4-nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate.
Preparation and Analysis of Transgenic C. elegans
A fragment (ϳ1.5 kbp) of genomic DNA was isolated from the 6.5-kbp EcoRI fragment previously cloned into pGEM3zf(ϩ) by first digesting the recombinant plasmid with SphI. The termini were made blunt by incubating the linearized plasmid with T4 DNA polymerase, and then the DNA was collected by precipitation (46). The DNA was subsequently digested with PstI, and a 1.5-kbp genomic fragment was isolated. The DNA fragment was inserted into the C. elegans ␤-galactosidase expression vector pPD16.51 that was cut with SmaI and PstI (47). The DNA insert from asp-1 contains 1487 bp of 5Ј-flanking DNA followed by the first 11 codons of asp-1 fused in-frame with DNA encoding a nuclear localization signal and the E. coli lacZ reporter gene (47) .
C. elegans were transformed by microinjecting recombinant reporter plasmid DNA (20 g/ml) and a plasmid containing the dominant selectable marker gene rol-6 into the gonadal syncytium of young adult C. elegans as described previously (33, 47) . Transgenic C. elegans were selected and maintained as indicated in previous studies (33) . Transgenic C. elegans were fixed and stained for ␤-galactosidase activity as described previously by Freedman et al. (33) .
RESULTS
Cloning and Sequencing Analysis of cDNAs That Encode a C. elegans Aspartic
Protease-A cDNA library was prepared in the bacteriophage ZAPII, using template mRNA isolated from nematodes that were exposed to 2 mM cadmium (31, 48) . A recombinant phage was identified that contained a cDNA insert encoding a partial polypeptide that was homologous to the aspartic acid family of proteases. A screen of a second C. elegans library, using a 32 P-labeled probe generated from this cDNA, yielded six clones designated P1, P4, P5, P11, P12, and P16. The average size of the cDNA inserts was ϳ2 kbp. Nucleotide sequence analysis revealed that they correspond to overlapping cDNAs, and the cDNAs were assembled into a single, continuous sequence (Fig. 1 ). This cDNA is predicted to encode a polypeptide that is composed of 396 amino acids and has a calculated molecular weight of 42,692. An initiator ATG codon (nucleotides 26 -28) lies within the context of the consensus C. elegans translation start site: (A/G)NNATG. A 3Ј-untranslated region of 93 bp follows the translation stop codon (nucleotides 1204 -1206) and terminates with a poly(A) tail.
The 5Ј-untranslated regions of many C. elegans mRNAs are covalently modified by the incorporation of an ϳ22-nt, nontranslated "leader" sequence that is donated from distinct, 100-nt spliced leader RNA transcripts (45, 49) . The leader RNA fragment is inserted immediately upstream from an acceptor site in a reaction that also causes excision of the original 5Ј-end of the transcript. Because the 5Ј termini of many C. elegans mRNAs are modified by the trans-splicing reaction, it was necessary to verify the sequence of the ASP-1 mRNA. The 5Ј-end of ASP-1 cDNAs was determined by an anchored PCR procedure. The sequence of the initial 22 bp (nt 1-22) of the ASP-1 cDNA was identical with the splice leader 1 (SL1) RNA sequence described by Krause and Hirsh (49) (Fig. 1) . Consistent with trans-splicing, a splice acceptor site, TTCCAGG, is present in asp-1 at nucleotides 1478 -1484, 2 bp 5Ј of the initiator ATG (Fig. 2) .
Structure and Organization of asp-1-A segment of DNA that contains the ASP-1 coding region was isolated from a C. elegans genomic library. The sequence that includes the asp-1 structural gene and 1481 bp of 5Ј-flanking DNA is presented in Fig. 2 (Fig. 1) . ASP-1 contains four conserved cysteine residues (residues 99, 104, 313, and 349) that may form two pairs of conserved, intrastrand disulfide bonds (52) .
Hydropathy analysis of the deduced amino acid sequence of ASP-1 indicates that the N-terminal region (amino acid residues 1-21) is highly hydrophobic (53) . The N-terminal, 16 amino acids constitute a putative signal peptide according to the (Ϫ3, Ϫ1) rule for signal sequence cleavage sites (54) . Many aspartic proteases are translated as pro-enzymes that are activated by the removal/cleavage of the pro-enzyme sequence.
Comparisons between ASP-1 and other eukaryotic aspartic proteases suggest that 41 amino acids (residues 17-57) constitute the putative pro-enzyme sequence. Removal of the putative signal peptide and pro-enzyme sequences would generate an active protease with a predicted M r of 36,566. The size of the predominant form of ASP-1 present in C. elegans protein extracts is ϳ40 kDa, as determined by SDS-PAGE (Fig. 3) . The difference between the calculated and actual mass of ASP-1 may be due to glycosylation. Consistent with this hypothesis, a single, potential N-linked glycosylation site is found at ASN-71 in ASP-1.
The full-length ASP-1 amino acid sequence was compared with sequences in the GenBank data base using the BLASTP program (35, 36) . ASP-1 has the highest levels of homology (58% identity, 13% similarity) with the aspartic protease precursor from the enteric parasite S. stercoralis (accession number AF027166). The alignment of their amino acid sequences is presented in Fig. 4 . It should be noted that the regions adjacent to the putative active site aspartic acid residues are 100% identical. In addition, potential N-glycosylation sites and disulfide bridge-forming cysteine residues are also conserved.
BLASTX, BLASTP, BLASTN, and TBLASTX analyses of ASP-1 nucleotide and amino acid sequences using C. elegansspecific data bases identified ESTs and predicted peptides that have high levels of homology with ASP-1 sequences. Several of the ESTs were 100% identical to the ASP-1 cDNA sequence. However, many showed lower levels of identity and corresponded to other aspartic proteases that are expressed in C. elegans. These cDNAs have been collected into groups of related ESTs by the C. elegans DNA Project of Japan.
2 By assembling the related C. elegans EST sequences within a "cDNA Group," into one or two continuous cDNAs, long open reading frames were generated. Regions of C. elegans aspartic protease amino acid sequences that were not represented by ESTs were identified from predicted exons, which were catalogued as part of the C. elegans Genome Project using the Genfinder program (55) . Using this protocol, five additional C. elegans aspartic proteases, designated ASP-2 through ASP-6, were identified (Fig. 5) . The characteristics of the predicted proteins and genes are presented in Table I . asp-1, asp-2, asp-5, and asp-6 are located on chromosome V, whereas asp-3 and asp-4 are on the X chromosome. Two protease genes, asp-5 and asp-6, are found within 4 kbp of each other on chromosome V. The other protease genes, however, are not closely linked.
Amino acid sequence alignment of the six-aspartic protease reveals that the regions adjacent to the aspartic acids in the active site are 100% identical among the six C. elegans proteases (Fig. 5) . In addition, they all have potential hydrophobic N-terminal signal sequences in the first ϳ20 amino acids. ASP-1, -2, -5, and -6 contain the conserved N-glycosylation asparagine and four cysteine residues. However, ASP-3 and ASP-4 lack the potential N-glycosylation site (Fig. 5 ). This suggests that these two proteases may have properties and/or functions that are different from ASP-1, ASP-2, ASP-5, and ASP-6.
Cell-specific and Developmental Regulation of asp-1-Several independent lines of transgenic C. elegans that carry an asp-1-␤-galactosidase reporter transgene were created to analyze asp-1 promoter activity in individual cells of intact animals. A 1.5-kbp DNA fragment that includes the promoter/ enhancer region of asp-1 was inserted upstream from a ␤-galactosidase reporter in a C. elegans expression plasmid (47). The fusion gene containing the asp-1 promoter was designated asp-1/lacZ. A nuclear localization signal is appended to the reporter enzyme, which directs the expression of ␤-galactosidase in the nucleus. Cells that actively transcribe asp-1 were identified by histochemical staining for ␤-galactosidase and visualized by microscopy. The patterns of ␤-galactosidase expression were identical in all of the transgenic nematodes, and typical results are presented in Fig. 6 . asp-1 promoter activity is evident in the intestinal cells of C. elegans embryos in the later stages of development (i.e. several hours prior to hatching) (Fig. 6A) . High levels of asp-1 promoter activity are observed exclusively in the intestinal cells of L1 and L2 larvae, with significantly lower levels in L3 larva (Fig. 6, B and C) . Adult C. elegans and L4 larvae did not show promoter activity in any cell type, including the intestinal cells. These results indicate that asp-1 transcription is both cell-specific and developmentally regulated.
The level of asp-1 transcription is not uniform throughout the intestine. The posterior intestinal cells of the int7 and int8 rings (6, 56) express the highest levels of ␤-galactosidase. There is a progressive decrease in the level of asp-1 transcription in the anterior region of the intestine such that asp-1 promoter activity is not detected in the four cells of the int1 ring. In addition, the two cells of the int9 ring show significantly lower levels of promoter activity, compared with int8 (Fig. 6, B and  C) . These results further suggest that asp-1 transcription is regulated by factors that control cell specificity. They also suggest that there is heterogeneity in the activity/function of the cells in different regions of the intestine.
The ASP-1 cDNA was originally isolated from a library prepared from cadmium-treated C. elegans. Treatment of asp-1/ lacZ-containing transgenic nematodes with cadmium did not change either the level or pattern of asp-1 promoter activity, compared with non-treated animals (results not shown).
Developmental Expression of ASP-1 mRNA and Protein -Total RNA was isolated from embryos, L1 larvae, and adult C. elegans. The relative content of ASP-1 mRNA was then determined by Northern blot analysis. The highest levels of ASP-1 mRNA were detected in embryos and L1 larvae. The amount of ASP-1 mRNA in adult nematodes was ϳ30% of that present in L1 larvae (Fig. 7C) .
In situ hybridization analysis was used to monitor the level and cellular distribution of ASP-1 mRNA in larval and adult nematodes. The intestine of C. elegans L1 and L2 larvae contained significant levels of ASP-1 mRNA (Fig. 7, A and B) . The amount of ASP-1 mRNA declined in later larvae, and was undetectable in the intestine of the adult nematode. These observations corroborate the results obtained using the asp-1/ lacZ-transgenic C. elegans, which indicated that asp-1 transcription is limited to the intestinal cells during early larval stages of development.
The distribution of ASP-1 protein in C. elegans was determined by confocal immunofluorescence microscopy. Intense fluorescence signals disclosed that the protease is abundantly expressed at later stages of embryonic development (Fig. 8, A  and B) . The protein is undetectable in embryos prior to the 2-fold stage of development. Affinity-purified anti-ASP-1 IgGs selectively bound to the apical surfaces of the intestinal cells in late embryos, thereby outlining the lumen of the gut (Fig. 8, A  and B) . Fluorescence signals were also present in the cytoplasm of the intestinal cells. The small, punctate structures that may represent protease-containing lysosomes were also observed (Fig. 8B) . C. elegans larvae (L1-L2) also contain substantial amounts of ASP-1, exclusively in the intestinal cells. As observed in embryos, the protein is concentrated along the apical surface of the cell and outlines the intestinal lumen. It is also present in granules within the cytoplasm (Fig. 8C) . The results describing the cell-and development-specific patterns of asp-1 transcription, and mRNA and protein accumulation in embryonic and larval C. elegans, are all in excellent agreement.
Relation between cad-1 and C. elegans Aspartic ProteasesJacobson et al. (27) originally described a gene that they believed encoded the C. elegans homologue of cathepsin D, cad-1. Stains of C. elegans with a homozygous cad-1 (j1) null mutation demonstrate ϳ10% of the cathepsin D enzyme activity of wildtype nematodes. To define the relation between cad-1 and asp-1, the amount of ASP-1 protein in cad-1 null nematodes was determined by Western immunoblot analysis (Fig. 9) . The amount of ASP-1 was ϳ90% lower than that observed in wildtype C. elegans. The amount of immunoreactive ASP-1 protein correlates well with the level of aspartic protease activity previously reported for this strain (27) .
Genetic analysis of cad-1 shows that it is located on LGII, adjacent to unc-52 (27) . Neither asp-1 nor the other five-aspar- protease activity is reduced in cad-1 mutants, suggest that cad-1 may trans regulate the expression of the C. elegans aspartic proteases. To determine the ability of cad-1 to affect asp-1 transcription, transgenic C. elegans were generated in which the asp-1/lacZ transgene was placed in cad-1 (j1) nematodes. The developmental and intestinal cell-specific patterns of reporter gene expression in transgenic cad-1 C. elegans were identical to those observed in wild-type transgenic nematodes (Fig. 9B versus Fig. 6B ). In addition, the levels of reporter gene expression were identical in the two transgenic strains. These results suggest that cad-1 does not regulate asp-1 at the level of transcription.
DISCUSSION
Aspartic proteases are a class of evolutionarily conserved proteolytic enzymes that have been characterized in a variety of species. Here we report on the cloning and analysis of a C. elegans aspartic protease homologue, asp-1. Nucleotide and amino acid sequence analyses of asp-1 revealed the presence of five additional C. elegans aspartic proteases, asp-2 to asp-6. The predicted sizes of the pre-pro forms of these proteins range from 41.5 to 49.2 kDa. Six aspartic proteases were purified from C. elegans homogenates by pepstatin-affinity chromatography and then analyzed by one-and two-dimensional gel electrophoresis (27, 57) . These proteins are 35-53 kDa and are in the expected size range for post-translationally modified forms of the six proteins described in the current report.
Comparisons of the deduced amino acid sequence of ASP-1 to other eukaryotic aspartic proteases, and to the five other C. elegans proteins, reveal several structural similarities. The amino acid sequences adjacent to the predicted active site aspartic acid residues are identical in all of the proteases examined (Figs. 4 and 5) . The six C. elegans aspartic proteases also contain two pairs of conserved cysteine residues. These residues may form intrastrand disulfide bonds that are similar to those present in all mammalian cathepsins. In addition, ASP-1 contains a third pair of cysteine residues, Cys-141 and Cys-240, which was predicted to be conserved among the nematode proteases (58) . ASP-2, ASP-5, and ASP-6 are missing one of these conserved cysteine residues, at position 141, and neither conserved cysteine residue is observed in ASP-3 or ASP-4. This indicates that a third intrastrand disulfide bond is not a conserved characteristic of nematode proteases.
The six C. elegans aspartic proteases are expressed as 19 electrophoretic forms, suggesting that the proteins are posttranslationally modified, possibly by glycosylation (57) . Furthermore, lectin-binding data indicate that these proteases are glycoproteins with different N-linked glycosides (27) . Phosphorylation of N-linked, high mannose residues is a recognition signal for lysosomal targeting in mammalian and several parasitic aspartic proteases. An additional requirement for the phosphorylation of the mannose residues is a lysine residue located near position 203. ASP-1 possesses a lysine near this position, Lys-204 (Fig. 1) . Immunofluorescence data indicate that ASP-1 is concentrated in C. elegans lysosomes (Fig. 8) .
Potential N-glycosylation sites are also present in ASP-2, ASP-5, and ASP-6 near ASN-71 (Fig. 5) , suggesting that these proteins may also be targeted to the lysosomes. This conserved asparagine residue is not found in ASP-3 or ASP-4, suggesting that these proteins are non-lysosomal. However, potential Nglycosylation sites, which are characteristic of the non-lysosomal E cathepsins, are located at residues 81 and 106 in ASP-3 and ASP-4, respectively. Cathepsin E from the parasitic nematodes O. volvulus and A. caninum, and humans and guinea pigs, contain this conserved N-glycosylation site (26, 58 -61) .
A dendrogram constructed using aspartic protease amino acid sequences was used to examine the phylogenetic relatedness of the C. elegans proteases to other eukaryotic aspartic proteases. The six C. elegans proteins are most closely related to the proteases of other helminths. They are separated into two groups, with all of the proteases that are located on chromosome V in one group and those located on the chromosome X in a second group (Table I) vit-6), gut carboxylesterase (ges-1), metal-inducible metallothionein-1 and -2 (mtl-1, mtl-2), GATA-binding transcription factor-2 (elt-2), and cysteine protease (cpr-1) (25, 33, (62) (63) (64) (65) . Intestinal cell-specific expression of these genes is dependent on the presence of one or more copies of upstream regulatory elements, which are designated GATA elements. Consistent with these observations, two consensus GATA elements are present in the 5Ј-flanking region of asp-1 (Fig. 2) . Nucleotide sequence analysis of potential upstream regulatory regions of the five additional asp genes shows that asp-2 contains two consensus GATA elements, which suggest that it may also be transcribed in the intestine. GATA elements are not present within the 5Ј-flanking regions of asp-3, asp-4, asp-5, and asp-6.
ASP-1 cDNAs were originally discovered in a screen for cadmium-induced gene products. Cadmium, however, does not induce reporter gene expression in transgenic C. elegans containing asp-1/lacZ transgenes nor cause an increase in the steady-state level of ASP-1 mRNA (results not shown). In addition, the 5Ј-flanking region of asp-1 does not contain cis regulatory elements that are typically associated with regulat- FIG. 7 . Developmental expression of asp-1 mRNA. In A and B, C. elegans were fixed, permeabilized, and then hybridized with digoxigenin-labeled, ASP-1 antisense DNA as described under "Experimental Procedures." RNA⅐DNA complexes were visualized by incubating the specimens serially with antidigoxigenin IgGs coupled to alkaline phosphatase and a chromogenic substrate. Alkaline phosphatase catalyzes the synthesis of an insoluble reaction product (shown as a black precipitate) in cells expressing ASP-1 mRNA. A, an L1 larva with ASP-1 mRNA located exclusively in the intestine. B, an L2 larva expressing ASP-1 mRNA in the intestine. The level of ASP-1 expression is significantly lower than that observed in younger nematodes. Arrows labeled ph and G indicate the posterior end of the pharynx and the developing gonad, respectively. C, total RNA was prepared from C. elegans embryos, L1 larvae, and adults and then subjected to Northern blot analysis. The amount of 32 P-labeled ASP-1 probe bound was quantified by PhosphorImager analysis and then normalized to the level of myosin light chain mRNA as described previously (33) . The data are means and standard deviations from three independent experiments.
FIG. 8. Expression of ASP-1 in situ.
The location of ASP-1 in intact C. elegans was determined by confocal immunofluorescence microscopy. A, the enrichment of ASP-1 along the intestinal lumen of an embryo at the 2-and 3-fold stages of development, ϳ5 h prior to hatching (center) and ϳ6 h prior to hatching (upper left). B, shows a higher magnification of a late embryo (ϳ3 h to hatch) in which aspartic protease-containing, punctate structures are observed adjacent to the intensely staining intestinal lumen. C, high level accumulation of ASP-1 along the intestinal lumen and in punctate structures of an L2 larva. The insert in each panel is a photograph using Nomarski optics of the identical field that is shown by immunofluorescence microscopy. The arrows indicate the location and orientation of the nematode pharynx, with the arrowhead directed toward the anterior of the pharynx.
ing stress-inducible gene expression, heat-shock elements, metal response elements, or antioxidant response elements. These paradoxical observations have been explained by the observation that the C. elegans cadmium-induced cDNA library is also enriched for transcripts expressed during embryogenesis and early larval stages of development (48) . Because ASP-1 mRNA is abundant in developing embryos and L1-L2 larvae, its concentration was substantially higher than its level in a non-cadmium-treated population of C. elegans and was subsequently isolated in a screen using subtracted hybridization.
The first studies of C. elegans aspartic proteases by Jacobson et al. (27) identified a genetic locus that was responsible for controlling the majority of aspartic protease activity. They proposed that cad-1 encoded the single C. elegans aspartic protease structural gene. Furthermore, they proposed that the cad-1 mutation altered the catalytic properties of the enzyme without significantly changing the primary structure or post-translational modifications of the protein (27) . It has now been shown that there are a minimum of six activity transcribed aspartic protease genes, none of which are located near the cad-1 locus. The question remains: What is the relation between cad-1 and these proteases? Studies using transgenic C. elegans indicate that cad-1 does not encode a trans-acting factor that regulates asp-1 transcription (Fig. 9) . C. elegans cad-1 mutants express several phenotypes in addition to the loss of protease activity, including highly vacuolated intestinal cells, a high tendency to egg retention, laying only unfertilized eggs at 25°C, and poor growth at 25°C. 3 Thus, the loss of protease activity may be a secondary response to a mutation that is not directly involved in the regulation, synthesis, or processing of the aspartic proteases.
In conclusion, asp-1 is actively transcribed in a subset of intestinal cells during late embryogenesis, and in early larval stages of development. This protein is targeted to lysosomes and is structurally homologous to mammalian cathepsin D. Five additional aspartic proteases are expressed in C. elegans. The presence of multiple isoforms of the C. elegans aspartic protease raises the possibility that other helminths possess multiple protease isoforms. This observation should be considered in the future development of anthelminthic drugs that target this class of proteases.
